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%&(1(.'&) 5'!) ,+5) &'1'.234,.0(+) (=) '#.&(*'+!&'#%(+#0B') *'+'#) 0+B(4B'#) .2') 7((&50+,.'5)
&'7&$0.1'+.)(=)E+1.",>?C)%JKC)/E6),+5)(.2'&)MNL)%&(.'0+#).()%&(1(.'&)-%6#)5$&0+*),7.0B')
.&,+#7&0%.0(+)8O;<))
I) .0*2.) &'*$4,.0(+) (=) -%6) 1'.234,.0(+) ,.) *'+') &'*$4,.(&3) &'*0(+#C) 0+B(4B0+*) 1$.,.0(+)
,B(05,+7') ,+5>(&) %&(.'7.0(+) =&(1) ,?'&&,+.) 1'.234,.0(+C) 0#) 7&0.07,4) =(&) ,77$&,.') *'+')
'P%&'##0(+C)%&(%'&)7'44$4,&)50=='&'+.0,.0(+),+5)'1?&3(+07)5'B'4(%1'+.<))
D+),550.0(+) .() 0.#) =$+7.0(+) 0+)EHI)&'%,0&C)/E6)#''1#) .()?') 01%407,.'5) 0+) .2') &'*$4,.0(+)(=)
5'B'4(%1'+.,4) *'+') &'*$4,.0(+) .2&($*2) .2') 0+.'&,7.0(+) @0.2) .&,+#7&0%.0(+) =,7.(&#C) #$72)
&'.0+(07) ,705) &'7'%.(&#) LIL) ,+5) LQLC) 20#.(+') 1(50=30+*) '+R31'#) ,+5) !"# $%&%) EHI)
1'.234.&,+#='&,#'#)SE+1.",),+5)E+1."?T)8"C)GC)JC)KC)9G;),44)(=)@2072),&')'##'+.0,4) =(&)7'44)
50=='&'+.0,.0(+<) -(+#0#.'+.43) /E6C) $+40U') (.2'&) EHI) *437(#34,#'#) 89FC) 9J!9V;C) 2,#) ,) +(+!
&'5$+5,+.) ,+5) '##'+.0,4) =$+7.0(+) 5$&0+*) '1?&3(+07) 5'B'4(%1'+.W) 2(1(R3*($#) '!() +$44!
'1?&3(#)4(#')B0,?040.3),.)105*'#.,.0(+)SX&01()Y72Z&)'.),4C)/'.#$3,)[+()'.),4<C)1,+$#7&0%.#)0+)
%&'%,&,.0(+T<))
L'7'+.)#$?7'44$4,&) =&,7.0(+,.0(+)#.$50'#) 0+)XFV)7'44#)2,B')#2(@+).2,.),) =&,7.0(+)(=)+$74',&)
/E6) 0#) .0*2.43),##(70,.'5)@0.2)72&(1,.0+) 0+),)EHI)5,1,*') 0+5'%'+5'+.)1,++'&C) .(*'.2'&)
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.+/6*7+&7*K#L*=(%;.*7/*O2L*(.5&%;*23/'/7-3.*6(7+*+(,+*23-0-3-%)-*(%*=/7+*>?*)-55.*&%;*9A.H*
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=/8%;* 23/'/7-3.*6-* 0/8%;* &* .(,%(0()&%7* %8'=-3* /0* ;-<-5/2'-%7&5* ,-%-.H* K/* -58)(;&7-* &*





23/0()(-%7* &%;* ;-0()(-%7* 9A.H* U/6-<-34* =(.850(7-* .-N8-%)(%,* 3-<-&5-;* 5/)&5* )+&%,-.* &7*
2&37()85&3* 23/'/7-3* O2L.* /0* ;-<-5/2'-%7&5* ,-%-.* (%* ()*!S!#9A.4* (%;()&7(%,* 7+&7* K#L* 5/..*
&00-)7.*#9:*'-7+$5&7(/%*2&77-3%.*&7*7+-.-*.(7-.H**
P%* &;;(7(/%4* 6-* &%&5$Q-;* ,5/=&5* ,-%-* -123-..(/%* )+&%,-.* ;83(%,* %-83/%&5*




#$%%& $'& ()*& +'',-.%& ./,& ,%.+0#1%/2,3.& $'& 4,3,& ,567,%%1$3& 6+..,73%& ,+7#8& 9:7134&
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2()*& +3.1%,7:2& >+%& 3,>#8& 4,3,7+.,9& 08& 122:31E+.1$3& >1./& 7,-$2013+3.& ':##!#,34./&
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!"#$%&& +39& !"#&%&& YT& -,##%& :%,9& '$7& 3,:7$3+#& 91'',7,3.1+.1$3& ,56,712,3.%& >,7,& -:#.:7,9&




'$72+.1$3=& S& 5& PMQ& YT& -,##%& >,7,& 6#+.,9& $3.$& 3$3+9/,7,3.& *7,13,7& 0+-.,71+#& 91%/,%& 13&
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! !"!!
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/*00151+$*#$*2+%.1/*-.A%$,1+%61+$5*0-71/%025%8%.*+-$13%#$%MXNNN%54.%*+%#%Q:DY@JZDU"NNNT%
61+$5*0-71%#$% 522.%$1.415#$-51% CDUE<%U,1%41FF1$%>#3% 513-341+/1/% *+%[;%.1/*-.%CT=I=A%
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3-341+3*2+%>#3% *..1/*#$1F?% #//1/%#$% #%/1+3*$?%20%8%!% MN"% 61FF3O"N%..%/*3,%25%M<8%!% MN'%
61FF3OMNN%..%/*3,. U,1%[;%.1/*-.%>#3% 6,#+71/% #0$15% ;% ,2-53% #+/% #7#*+% #0$15% 2+1%/#?<%
@0$15% $>2% /#?3A% $,1% [;% .1/*-.% >#3% 514F#61/% G?% 62.4F1$1% P;'% =1/*-.% C[1-52G#3#F%
=1/*-.A%P;'%3-44F1.1+$A%;%.=%J!7F-$#.*+1E<%%









#$%&'%() *+$,(-./) 0(+() /(*1+1,(2) -.) 34) 5) #6#!*$%718+7%19-2() :(%/) 1.2) ,+1./;(++(2) ,$) 1)
.-,+$8(%%&%$/()9(9'+1.()<=-%%-*$+(>)?#@AB)=(9'+1.(/)0(+()01/C(2)$.8()0-,C)DE#!D)<344)
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9=) 6DD>) 4B35) D+-,$.) d!344>) 3) Z) *+$,(1/() -.C-'-,$+) 8$8O,1-%) <P$8C(AAB) H(%%/) 0(+() ,C(.)
-.8&'1,(2) $.) -8() ;$+) X) !) J) 9-.&,(/) 1.2) 8(.,+-;&:(2) 1,) 3\Q44) :) ;$+) L) 9-.) 1,) `RHB) DC()















U6V& *-EW& 23%('$%$%K& CX& :31#'G70/970& :31& CD& #$%& '(& Y.-& BG92$%0& 4'5& '7707& (3& '& :$%'G&
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F>FQ& C& #<& M<FO]& :3GG3407& 89& C;& #$%H(05& 53%$2'($3%& ZC;& 5023%75& _RQ& )D& 5023%75& _OOQ&
M3401&'(&VPBV]&$%&'&TP_Y`M._Y&F3%$2'($3%&70J$20&Z>$'K0%370Q&`a]&(3&6137H20&1'%73#&>R?&
:1'K#0%(5& 1'%K$%K& :13#& )DD& (3& CLDDD& 86& $%& 5$I0-& ?:(01& 20%(1$:HK'($3%& '(& CELDDD& K& :31& CD&
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6E.6' </?-207' .--' B(>(!.//46.670' ()*' <,-./0,' ./0' "@$' F=' 6<-70' 37D<4/,' .342/0' ?2337/6-9'
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a b s t r a c t
When it was first isolated from extracts of HeLa cells in Josef Jiricny’s laboratory, the thymine
DNA glycosylase (TDG) attracted attention because of its ability to remove thymine, i.e. a
normal DNA base, fromG·Tmispairs. This implicated a function of DNA base excision repair
in the restoration of G·C base pairs following the deamination of a 5-methylcytosine. TDG
turned out to be the founding member of a newly emerging family of mismatch-directed
uracil-DNA glycosylases, the MUG proteins, that act on a comparably broad spectrum of
base lesion including G·U as the common, most efficiently processed substrate. However,
because of its apparent catalytic inefficiency, some have considered TDG a poor DNA repair
enzyme without an important biological function. Others have reported 5-meC DNA glyco-
sylase activity to be associated with TDG, thrusting the enzyme into limelight as a possible
DNA demethylase. Yet others have found the glycosylase to interact with transcription fac-
tors, implicating a function in gene regulation, which appears to be critically important in
developmental processes. This article reviews all these developments in view of possible
biological functions of this multifaceted DNA glycosylase.
© 2006 Elsevier B.V. All rights reserved.
1. Introduction
Within cells, the chemically unstable DNA is under perma-
nent hydrolytic and chemical attack. Hydrolytic reactions
occur at a significant rate and include the deamination of
DNA bases with exocylic amino groups, i.e. cytosine (C) and
5-methylcytosine (5-meC), adenine (A) and guanine (G) [1].
Deamination of C and 5-meC generates uracil (U) and thymine
(T)mispairedwith guanine, respectively, both giving rise toC·G
to T·A transition, unless repaired. While U is a foreign base in
DNA and is easily recognized and repaired as such, the cor-
rection of a deaminated 5-meC, i.e. a T, requires a higher level
of sophistication at damage recognition, since the “damage”
in this case is a perfectly normal DNA base, except that it is
mispaired. Such thoughts led Josef Jiricny and colleagues to
search for a DNA repair function that processes T when mis-
paired with G to restore a canonical G·C base pair. In transfec-
∗ Corresponding author. Tel.: +41 61 267 0767; fax: +41 61 367 3566.
E-mail address: primo.schaer@unibas.ch (P. Scha¨r).
tion experimentswith G·Tmismatched SV40DNA they indeed
identified a G·T directed repair activity in African green mon-
key kidney cells that efficiently replaced the T with a C [2].
The subsequent purification of a G·T binding and processing
enzyme from nuclear extracts of HeLa cells and themolecular
cloning of the respective cDNA eventually led to the discov-
ery of the human thymine DNA glycosylase (TDG) [3–5], the
first mismatch-specific DNA glycosylase to be described. Its
ability to hydrolyze thymine and uracil from G·T and G·Umis-
pairs in vitro [6] implicated a specific biological role in base
excision repair (BER) of deaminated 5-meC and C, i.e. in coun-
tering deamination-induced C→T mutation.
During the last decade, research on TDG has seen an
impressive expansion into different disciplines. Enzymatic
and structural studies provided insight into different aspects
of its functionality. The identification and characterization of
homologs and orthologs of species across the phylogeny shed
1568-7864/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.dnarep.2006.10.013
490 dna repa ir 6 ( 2 0 0 7 ) 489–504
light on the evolution of this family of DNA glycosylases and
facilitated first genetic approaches towards unraveling biolog-
ical functions. While so far all efforts have failed to assign
the human TDG to a well-defined cellular process, they have
established lines of evidence that support three main work-
ing hypotheses. The biochemical and structural properties of
TDG support a function in DNA BER of damaged or modi-
fiedpyrimidine bases; biochemical and cell biological evidence
has suggested a role in the active removal of 5-meC from
methylated CpG dinucleotides in DNA; and protein–protein
interactions have implicated TDG in the regulation of gene
expression. What seems to be clear from all these studies is
that, as a DNA glycosylase, TDG has some rather unusual fea-
tures and that these may hint towards a link between DNA
repair, the control of epigenetic DNAmodification and the reg-
ulation of gene expression.Whether and how these seemingly
divergent aspects of TDG function can be reconciled in a unify-
ing mechanistic model remains to be addressed in the future.
The objective of this article is to review the results of the last
decade of research on TDG and to evaluate the emerging con-
cepts for a biological function.
2. TDG—protein structure and enzymology
2.1. Primary structure and the evolutionary aspects
The cloning and sequencing of the cDNA encoding the human
TDG [5] facilitated the search for related proteins in other
organisms. This disclosed a broad phylogeny with orthologs
in bacteria (e.g. Escherichia coli) [7], yeasts (e.g. Schizosaccha-
romyces pombe), insects (e.g. Drosophila melanogaster) [8] and
frogs (e.g. Xenopus laevis).All these proteins belong to theMUG
branch of the superfamily of monofunctional uracil-DNA gly-
cosylases (UDGs) that share a common !/"-fold structure [9]
(Fig. 1). Although the human TDG is the foundingmember, the
family was named after the E. coli Mug protein, a mismatch-
specific uracil-DNA glycosylase, to account for the fact that U
rather than T processing is a common trait of these proteins.
The MUG proteins have a simple domain architecture,
they are composed of a conserved core that constitutes the
active site, and non-conserved N- and C-terminal extensions
of variable lengths (Fig. 2). Within their catalytic domains, all
orthologs share between 37% and 52% amino-acid sequence
identity but no significant similarities with members of other
UDG families, e.g. UNG and SMUG proteins. The molecular
masses of the MUGs range between 18kDa and 46kDa with
one notable exception. Owing to its uniquely long N- and
C-terminal sequences, the Drosophila ortholog (Thp1) is a
remarkably sizedDNAglycosylase ofmore than 191kDa. Simi-
larly large proteins with active DNA glycosylase domains have
thus far been described only in plants (i.e. DEMETER, ROS1),
where they appear to control cytosine methylation mediated
gene silencing [10,11].
Recent studies shed some light on possible functions of the
divergent N- and C-terminal domains of the eukaryotic MUGs.
Variations in the composition and configuration of these ter-
mini appear to correlate with changes in substrate specificity,
substrate interaction and the kinetics of base release; they
may thus be there to modulate the enzymatic activity of
Fig. 1 – Evolutionary conservation of MUG proteins. (A)
Shown are the clustered relationships between
representative members of UDG superfamily. The MUG
family is highlighted in green. Included are Homo sapiens
TDG (hsTDG, accession no. Q13569), UNG2 (hsUNG2,
P22674) and SMUG1 (hsSMUG1, Q53HV7); Xenopus leavis
UNG (xlUNG, AAH72313), TDG (xlTDG, AAH77465.1) and
SMUG1 (xlSMUG1, Q9YGN6); Drosophila melanogaster Thd1
(dmThd1, Q9V4D8) and Smug1 (dmSMUG1, Q9VEM1);
Schizosaccharomyces pombe Ung1 (spUng1, O74834) and
Thp1 (spThp1, O59825); Saccharomyces cerevisiae Ung1
(saccUng1, P12887); Escherichia coli Ung (ecUNG, P12295)
and Mug (ecMUG, P0A9H1); Serratia marcescens Mug
(smMUG, P43343); Streptomyces coelicolor MUG (scMUG,
NP 625542) and UDGb (scUDGb, NP 626251); Archaeoglobus
fulgidus UDG (afUDG; NP 071102); Thermotoga maritima UDG
(tmUDG, NP 228321); Pyrobaculum aerophilum UDGa
(paUDGa, NP 558739) and UDGb (paUDGb, NP 559226);
Mycobacterium tuberculosis UDG (mtUDG, NP 335742); and
Thermus thermophilus UDG (tthUDG, CAD29337). The tree
was generated with the neighbor-joining algorithm of the
MEGA 3.1 software applied to a multiple alignment
produced with the ClustalW routine (Blosum matrix;
pairwise alignments: Gap opening penalty 10, Gap
extension penalty 0.1; multiple alignment: Gap opening
penalty 10, Gap extension penalty 0.1).
TDG in a process-dependent manner [7,8,12,13]. The termi-
nal domains of the human and murine TDGs were also found
to mediate diverse physical and functional interactions with
other proteins, including nuclear receptors and other tran-
scriptional regulators. This emphasizes a possible species-
specific role of these domains in targeting the glycosylase to
specific DNA sequences in the genome where its activity is
needed [14–20].
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Fig. 2 – Schematic alignment of MUG proteins. Conserved sequences and protein motifs as well as known interactions with
other proteins are shown as indicated in the legend. The highly conserved central domain harbors the sequence motifs
G(I/L)NPG(L/I) and VMPSSSAR (hsTDG), representing critical residues of the active site. Similarities in the N-and C-terminal
parts of the mammalian TDGs are confined to the SUMO-interaction motifs and the SUMOylation consensus motif VKEE.
Bars on top of the human TDG designate the minimal sequence requirement for G·U or G·T processing. The predicted
AT-hook motifs present in the mammalian and insect N- or C-termini may provide non-specific DNA binding capacity. Bars
underneath the respective MUG orthologs indicate identified protein interactions. NR, nuclear receptors; androgen receptor,
glucocorticoid receptor, progesterone receptor, peroxisome proliferator-activated receptor a, thyroid hormone receptor a,
Vitamin D3 receptor.
2.2. Three-dimensional structure and implicated
mechanisms
A deeper understanding of structure–function aspects came
with the resolution of the three-dimensional structure of the
E. coli Mug protein. Laurence Pearl and collaborators com-
piled an !/"-fold for Mug that closely resembles that of the
functionally related UNG and SMUG proteins. In the light of
the very limited amino-acid sequence homology between the
members of these UDG families, this was a rather surprising
finding. Crystals capturing Mug bound to its DNA substrate
then confirmed that, like other UDGs, it utilizes a combined
intercalation/nucleotide flipping mechanism for base recog-
nition and binding [21,22]. A closer look into the active site,
however, revealed some unique features of Mug. Whereas
UNG and SMUG enzymes achieve a high substrate selectiv-
ity through strategic configurations of active site residues
that establish specific contacts with the uracil [23–25], Mug
forms a large hydrophobic catalytic cavity that accommo-
dates a variety of pyrimidine and purine derivatives with-
out contacting the base to be hydrolyzed [22]. Hence, MUG
proteins have a comparably broad substrate spectrum that
includes lesions as bulky as ethenoadducts of C and A
(Table 1) [8,12]. Another unique feature of Mug is its interac-
tion with the complementary DNA strand opposite from the
damaged base. Residues within the catalytic pocket (Gly143,
Leu144 and Arg146) form a ‘wedge’ that intercalates into
the DNA base stack from the minor groove and occupies
the space of the substrate base. This wedge establishes spe-
cific hydrogen-bonding interactions with the widowed G in a
configuration that mimics Watson–Crick base pairing. These
may account for the strict double-strand dependency of the
MUG proteins and, since they are absolutely specific for G,
also explain their opposite G preference [21]. Thus, Mug uses
the complementary base for substrate discrimination, while
other UDGs establish specific contacts with the substrate
base.
Mutational analyses and a recently resolved crystal struc-
ture of the catalytic core of the humanTDGare fully consistent
with the structure–function model postulated on the basis of
the E. coli Mug structure. It therefore appears that the basic
catalytic mechanism can be extrapolated fromMug to human
TDG and probably to the entire MUG family [26,27]. However,
theMugmodel fails when it comes to explain the effects of the
N- andC-terminal domains on the substrate spectrumand the
kinetic properties of the eukaryotic MUGs.
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Table 1 – Substrate preferences of TDG orthologsa
Substrateb hsTDGc !NhsTDGd ecMugd spThp1pc dmThd1pc
G·U +++ +++ +++ +++ +++
A·U + + + +++ ++
ssU − − − +++ −
G·FU +++ nd nd +++ +++
A·FU ++ nd nd +++ ++
ssFU ++ nd nd ++ ++
G·BrU +++ nd nd ++ +++
A·BrU + nd nd + −
ssBrU − nd nd + −
G·HmU +++ nd + − ++
G·HU +++ nd ++ +++ nd
G·T +++ − − − ++
G·Tg ++ nd nd nd nd
G·!C +++ nd +++ +++ +++
A·!C ++ nd nd +++ ++
ss!C − nd + +++ −
G·Hx + + nd +++ +
T·Hx − − − +++ −
ssHx − nd nd +++ −
G·!A − nd + ++ −
T·!A − nd − ++ −
ss!A − nd nd + −
G·mC −/+ nd nd − −
G·HeC − nd ++ +++ nd
G·HpC − nd − +++ nd
G·G nd nd +
a Indicated are relative processing efficiencies of recombinant human full size (hsTDG) and N-terminally truncated TDG (!NhsTDG) and the
orthologs of E. coli (ecMug), S. pombe (spThp1p) and D. melanogaster (dmThd1p). Base release efficiencies are indicated as: +++, high; ++,
intermediate; +, low; −, insignificant.
b Putative substrate bases are indicated in bold letters. Abbreviations used are: ss, single-stranded DNA; ds, double-stranded DNA; FU,
5-fluorouracil; BrU, 5-bromouracil; HmU, 5-hydroxymethyluracil; HU, 5-hydroxyuracil; Tg, thymine glycol; !C, 3,N4-ethenocytosine; Hx,
hypoxanthine; !A, 1,N6-ethenoadenine; mC, 5-methylcytosine; HC, 5-hydroxycytosine; HeC, 3,N4-a-hydroxyethanocytosine; HpC, 3,N4-a-
hydroxypropanocytosine; nd, not done.
c Fully AP-site inhibited; no enzymatic turnover.
d Partially AP-site inhibited; slow enzymatic turnover.
2.3. Enzymatic properties of TDG
2.3.1. Substrates of TDG
Several laboratories have investigated substrate processing
features of MUG proteins. Some of these studies made use
of specific chemical modifications at or near the target base
(U or T) or its mispaired vis-a`-vis (G) to explore mechanisms
of substrate interaction and base hydrolysis by TDG. Others
examined synthetic candidate base lesions with the aim to
identify biologically relevant substrates [28]. We will focus our
account here on a few representative substrates that illustrate
the functional versatility and typicalmechanistic properties of
MUG proteins and implicate main lines of possible biological
functions.
Although the human TDG is best known for its ability to
remove T from a T·Gmismatch, MUG proteins of different ori-
gin were shown to have rather broad substrate spectra with
U mispaired to G being the common, most efficiently pro-
cessed physiological DNA lesion (Table 1) [7,8,12,29]. Deriva-
tives of U with modifications or substituents at the 5-carbon
position such as 5-hydroxy-U, 5-hydroxymethyl-U, 5-fluoro-
U (5-FU) and 5-bromo-U (5-BrU) turned out to be very effi-
ciently and universally processed substrates as well [8]. By
itself, this would suggest that the driving force for the evo-
lution of the MUG protein family was the potential to counter
mutagenesis by deamination and/or oxidation of C. It seems,
however, that these glycosylases have learned to do more
than that (Table 1). They act on DNA lesions as divergent
as ethenoadducts (e.g. 3,N4-ethenocytosine) [8,30,31], deam-
inated purines (e.g. hypoxanthine) [8] and thymine glycol [32],
and even on normal DNA bases including T and 5-meC [33].
The biochemistry of the latter, however, has remained some-
what unclear. While the chicken MUG, normally referred to
as 5-meC DNA glycosylase (5-MCDG), was shown to co-purify
with an appreciable 5-meC processing activity from extracts
of chicken embryos, this activity is comparably low, not to say
marginal, when assayed with bacterially expressed chicken
5-MCDG or human TDG [8,33,34]. This may indicate a require-
ment for auxiliary factors that help target the glycosylase to
the methylated C and, thus, facilitate the processing of this
rather suboptimal substrate.
Interestingly though, the substrate spectra vary consider-
ably between MUGs of different phylogenetic origin. Thymine
and derivatives, for instance, are processed with a significant
rate by the mammalian, chicken and drosophila enzymes but
not by their bacterial and yeast counterparts [8,33], whereas
5-meC appears to be substrate for the vertebrate enzymes
only (Table 1) [8,33,34]. Variable is also the degree of DNA
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double-strand and mismatch-dependency. While the human
TDG processes most of its substrate bases only in a mismatch
with G, the fission yeast ortholog removes U from DNA also
when it arises opposite A or in a single-stranded DNA con-
text. It therefore appears that the MUG proteins have evolved
with little selective pressure so that, in accordance with the
specific needs of individual species, enzymes or enzyme com-
plexes with rather distinct functionalities could develop.
If we try to infer a biological function for MUG proteins
from their substrate preferences in vitro, a picture as follows
emerges. Besides the elimination of mutagenic bases arising
by hydrolytic deamination of C (e.g. G·U), MUG proteins seem
to protect more generally against DNA base deamination (e.g.
hypoxanthine) and/or oxidation (5-hydroxyuracil), as well as
against base modifications by products of lipid peroxidation
(e.g. 3,N4-ethenocytosine). In organisms that methylate C in
their DNA,MUGorthologs have acquired an ability to addition-
ally deal with the corresponding deamination/oxidation prod-
ucts (e.g. G·T, 5-hydroxymethyluracil), and possibly, to con-
tribute to the establishment and the stabilization of genomic
DNA methylation patterns (e.g. 5-meC).
2.3.2. Mechanism of substrate interaction
Studies with non-cleavable substrate analogs provided first
insight into how human TDG interacts with its substrate. In
footprinting experiments, TDG protected an approximately 20
base pair stretch of DNA surrounding the mispaired U from
DNaseI cleavage and made specific contacts to the N7 posi-
tion of the G flanking the U at the 3′ side. The latter may
explain a slight preference of TDG for G·T and G·Umispairs in
a CpG sequence context [35]. No contacts with the “comple-
mentary” G opposite the lesion were detected in these studies
although, by inference from the crystal structure of substrate
bound Mug [21,22] and the strict requirement of this base for
substrate recognition, TDG is expected to establish such an
interaction. This would, however, involve the Watson-Crick
surface of the widowed G, which cannot be seen easily by
methylation interference [35]. The ability to recognize the sub-
strate base through specific interactions with the nucleotide
in complementary position seems important for a DNA gly-
cosylase that has the potential to attack normal DNA bases.
In the case of TDG, this assures that T is recognized as a sub-
strate only when it is mispaired with G, i.e. originates from a
deaminated 5-meC, but not when it is correctly base paired
with A.
A mechanistic feature of the MUG proteins that, at least in
part, relates to their ability to establish specific complemen-
tary base contacts, is their tight binding to the product of their
reaction, the abasic site (AP-site). Human TDG, for instance,
was shown to bind to an AP-site opposite G with an affin-
ity that is higher than that to any of its preferred substrates
(i.e. G·UorG·Tmismatches) [26,36]. Indeed, purified full-length
TDG is virtually unable to dissociate from the AP-site and is
therefore fully product inhibited in base excision assays with
Gmispaired substrate.When the opposite base is not aG, how-
ever, slow dissociation of TDG is possible. Although the pro-
cessing of such substrates is generally less efficient because
of rate limitations at the level of substrate recognition, this
corroborates the contribution of specific opposite base inter-
actions to product inhibition.
Some degree of AP-site inhibition is common to most DNA
glycosylases (e.g. [37–41]), but the extent observed with TDG
is truly exceptional, even by comparison with other members
of the MUG family. The E. coli Mug protein, for instance, turns
over on a G·U substrate, albeit slowly [12], implicating that the
opposite G interactions cannot fully account for the inability
of TDG to dissociate from the AP-site. Indeed, deletion muta-
genesis showed that truncation of the N-terminus converts
TDG into Mug-like enzyme that processes G·U with a slow
turnover, but fails to act on a G·T substrate with an apprecia-
ble efficiency [7,13]. Concurrently, deletion of the N-terminus
abolishes a non-specific homoduplex DNA binding activity of
TDG, which, compared to Mug and other DNA glycosylases, is
quite appreciable [13,18,26].
This could all be explained by the presence of HMGA (HMG-
I/Y)-box-like sequences in the N-terminal domain of TDG
(Fig. 2). HMGA-boxes are frequently associated with nuclear
proteins and have been shown to act as auxiliary struc-
tural motifs to provide non-specific DNA binding function-
ality [42,43]. Consistently, the Drosophila Thd1, which also
processes G·T mispairs, contains related AT-hook motifs in
its N- and C-terminal domains, whereas the fission yeast
and the bacterial orthologs that fail on G·T substrates are
devoid of such sequencemotifs (Fig. 2). These correlations sug-
gest that the non-conserved N-terminus of TDG has evolved
to allow non-specific DNA binding, facilitating the process-
ing of energetically suboptimal substrates such as G·T or
G·5meC at the cost of free enzymatic turnover. Unfortu-
nately, despite some considerable efforts, full-length TDG has
eluded three-dimensional-structural analyses so that we do
not know exactly how theN-terminal domain cooperateswith
the catalytic domain in DNA interaction. Analyses of partial
tryptic digests of free and DNA bound TDG, however, have
shed some light onto the problem [13]. Such experiments
implicated that, upon encountering DNA, TDG undergoes a
dramatic conformational change that depends on the pres-
ence of and involves the N-terminal domain (Primo Scha¨r,
Roland Steinacher, unpublished results). Consistently, crystal-
lographic data revealed that E. coli Mug, which lacks a com-
parable N-terminus, undergoes only a minor structural rear-
rangement when it binds to DNA [22].
Thus, the experimental evidence available supports a
mechanistic model in which the N-terminal domain of TDG
forms a flexible “clamp” that holds the glycosylase onto the
DNA. In this state, TDG may slide along the DNA in search
of a G mismatched substrate. At substrate recognition and
target base flipping, residues of the catalytic pocket establish
the specific hydrogen-bonding interactions with the widowed
G vis-a`-vis. Following base release, these G contacts and the
non-specific DNA contacts mediated by the N-terminus then
cooperate to prevent free dissociation of TDG from the AP-
site. Such a model would predict the need for a release factor
that stimulates the displacement of TDG so that BER can pro-
ceed. A possible candidate would be the BER enzyme acting
downstreamof TDG, i.e. the (AP)-endonuclease (APE1). Indeed,
experiments with purified human proteins showed that APE1
is able to stimulate the turnover of TDG on a G·T substrate [29].
However, the requirement of a high molar excess of APE1 and
the fact that any other AP-site interacting protein tested has
a similar stimulatory impact on TDG turnover implicates that
494 dna repa ir 6 ( 2 0 0 7 ) 489–504
these are passive rather than active and specific effects (Primo
Scha¨r, Ulrike Hardeland, unpublished data), as proposed also
for the APE1 mediated stimulation of other DNA glycosylases
(e.g. [44]).
2.4. TDG and SUMO
A search for proteins interacting with human TDG led to
the isolation of Small Ubiquitin like Modifiers (SUMOs) [18].
SUMOs are small polypeptides structurally related to ubiquitin
that interact with and/or are attached to other proteins. Mech-
anistically, covalent SUMOmodification (SUMOylation) is sim-
ilar to ubiquitylation but requires its own set of E1, E2 and
E3 conjugating enzymes [45]. Most of the targets of SUMOy-
lation appear to be nuclear proteins with diverse functions
[46]. Among them are proteins involved in DNA replication
and repair as well as mediators of chromosome structure and
dynamics, implicating a prominent role of SUMOmodification
in genomemaintenance and stability [47]. The functional con-
sequences of SUMO conjugation are still poorly understood,
although an emerging theme is that it induces conformational
rearrangements in target proteins in a way that alters their
molecular interactions properties. Hence, depending on the
target, SUMO-dependent changes in intra- or intermolecu-
lar interactions may affect protein localization, stability and
enzymatic activity.
Not only was TDG found to interact with, but also to be
modified by SUMO-1 and SUMO-3. SUMO conjugation involves
lysine 330 (K330) located in a C-terminal SUMOylation con-
sensus motif (VKEE) (Fig. 2), it is ATP-dependent and, when
performed in cell extracts, stimulated by the presence of DNA.
SUMO attachment to K330 affects structural and enzymatic
properties of TDG. The modified glycosylase is not longer
able to interact with free SUMO or SUMO-conjugated proteins
(Primo Scha¨r, Roland Steinacher, unpublished data), or to bind
stably to AP-sites or any other DNA. Yet, it processes a G·U sub-
strate with enhanced efficiency due to an induced enzymatic
turnover but, at the same time, loses its ability to hydrolyze
T from a G·T substrate. Obviously, SUMO modification alters
the way TDG interacts with DNA so that AP-site dissociation
and, hence, a slow turnover on an energetically favourable
substrate (G·U) becomes possible, but processing of a subopti-
mal substrate that requires tight DNA interactions (G·T) is less
efficient [13,18,26].
Thus, SUMO modification in the C-terminus converts TDG
to an enzyme with Mug-like properties, as does the deletion
of the N-terminus. As it turned out, this is not pure coinci-
dence. A systematic assessment of the enzyme kinetic effects
of SUMOylation on different domain truncation variants of
TDG revealed that SUMO conjugation to full-length TDG and
deletion of the N-terminus affect the same underlyingmecha-
nism of AP-site product inhibition. The results suggested that
SUMOylation neutralizes the non-specific DNA binding activ-
ity of the N-terminal domain of TDG. The DNA-dependent
conformational change of the N-terminus, i.e. the DNA clamp
formation, was not seen when TDG was SUMOylated [13].
Hence, the same as SUMO modification prevented TDG from
assuming a DNA binding conformation in these experiments,
itmay induce the opening of the “clamp”when it is conjugated
to DNA bound TDG.
Other work addressed the non-covalent interaction of TDG
with SUMO [18]. Mutational analyses identified a C-terminal
SUMO-interaction motif (residues 304–316) that is distinct
from the site of covalent attachment but appears to be essen-
tial for SUMOconjugation in vivo [48]. Aputative secondSUMO-
interaction site is discernible in the N-terminal part of TDG,
where the sequence “I134V135I136I137” matches an experimen-
tally deciphered SUMO-interaction consensus [49]. An inter-
action of SUMO with these or nearby amino-acids might have
considerable functional consequences as they are part of the
conserved glycosylase active site and also overlapwith amotif
that mediates interaction with the estrogen receptor ! [19].
Whether or not TDG uses these interfaces to interact with free
SUMO or with SUMO-modified proteins in the context of its
biological function is currently unknown.
The interactions of TDG with SUMO were ultimately visu-
alized in a crystal structure. Although these analyses were
done with a truncated TDG (residues 112–339), lacking the
N-terminus and a large part of the C-terminal domain,
the structure showed that upon attachment to K330, the
TDG–SUMO conjugate assumes a highly organized configura-
tion that builds on specific intermolecular contacts between
the two protein moieties. These contacts engage residues
of the C-terminal, non-covalent SUMO-interaction motif of
TDG, which forms a "-strand that wraps around a "-strand
of the SUMO to form an intermolecular antiparallel B-sheet
structure. This conformation is further stabilized by exten-
sive polar and hydrophobic contacts between residues of the
intertwined B-strands [27]. Thus, consistent with our finding
that SUMOylated TDG loses its ability to interact with non-
conjugated SUMO, the structure shows that the C-terminal
SUMO-interaction site of TDG is fully occupied when SUMO is
attached and therefore no longer free for further non-covalent
binding of SUMO.
As a consequence of SUMO conjugation, an !-helical pep-
tide of TDG, containing the SUMO attachment site, forms a
protrusion on the surface of the TDG–SUMO complex. From
structural modeling, it was concluded that the protruding !-
helix would interfere with DNA binding. Consistently, SUMO
conjugation to the truncated TDG used in this study slightly
reduced AP-site binding [27]. Yet, because these data were
obtained with a N-terminal truncation of TDG, this cannot
be the mechanism to account for the SUMOylation-induced
AP-site dissociation observed with full-length TDG, where
the tight interaction with the AP-site results from coopera-
tive DNA binding by the N-terminal domain (unspecific DNA
clamp) and the glycosylase active site (specific opposite G con-
tacts) (see Section 2.3.2); a TDG lacking the non-specific DNA
binding function dissociates fromAP-sites regardlesswhether
SUMO is attached or not [13]. Hence, while the structure pro-
vided valuable insight into the architecture of the TDG–SUMO
conjugate, further studies with full-length TDG will be neces-
sary for an ultimate resolution of the mechanism of SUMO-
induced AP-site dissociation.
Taken together, biochemical and structural evidence sup-
ports the concept that SUMOs interact covalently and non-
covalently with TDG and thereby induce changes in protein
conformation that are required for its functionality, in partic-
ular, for its release from the AP-site. SUMOylation can thus be
considered an integral regulatory component of TDG medi-
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ated BER. If so, the apparent inconsistency that SUMOyla-
tion enhances G·U processing while abolishing G·T processing
must be reconciled in amechanisticmodel for TDG function in
cells. This is possible if we appreciate first, that SUMOylation
is a highly dynamic, i.e. reversible, protein modification, and
second, that themajority of TDG protein in cells is SUMO-free,
i.e. competent to recognize and process the full range of its
substrates. Given this, a model can be postulated that invokes
SUMOylation as a temporary TDGmodification, affecting only
DNA bound TDG and allowing the glycosylase to dissociate
from the product AP-site following base release, so that BER
can proceed. Dissociated TDGwill then be readily de-modified
by a SUMO-specific isopeptidase [50] to make it available for
de novo recognition of G·U and G·Tmispairs that might be gen-
erated [18].
3. Biological functions of TDG
3.1. DNA repair
Given the presence of MUG proteins in species across a broad
phylogeny, one might conclude that their function is of fun-
damental biological importance and has therefore been con-
served during evolution. Initially discovered inHeLa cells as an
activity that catalyzes the excision of U and T mispaired with
a G, the human TDG was proposed to act against mutation
when Cs and 5-meCs deaminate. However, later studies, com-
paring the enzymatic properties of MUGs of different species,
identified a number of well-processed DNA substrates that are
not generated by deamination of C or 5-meC. These include a
range of oxidized pyrimidines as well as some rather bulky
ethenoadducts and damaged purine bases (see Section 2.3.1).
Hence, it appears that MUG proteins have a more general
function in the repair of DNA base damage than originally
postulated. It is interesting though that different MUGs have
different substrate spectra, suggesting that their function has
not been strictly conserved in evolution (Table 1). With G·U
being the common most efficiently processed substrate, the
MUGs most likely originated from an ancestral uracil pro-
cessing activity but then diverged to specialized enzymes to
suit specific needs of the respective hosts—hence the evo-
lution of non-conserved N- and C-terminal domains around
a conserved catalytic core (see Section 2.3.1, Fig. 2). This is
perhaps best exemplified by the G·T substrate. The poten-
tial to process this substrate appears to correlate with the
degree of cytosine methylation in the genomes of the host
organisms; it is highest for the mammalian TDGs where 5%
of bases are methylated, poor for the Drosophila Thd1 where
less than 1% of bases are methylated, and absent from fis-
sion yeast Thp1 where cytosine methylation is undetectable
[51–53]. Thus, G·T processingmight represent an extra feature
of the mammalian enzymes that helps avoid genetic insta-
bility at sites of cytosine methylation. An assessment of the
biological function of TDGmust therefore be done from a per-
spective of individual substrates.
3.1.1. Repair of G·T mismatches
Considering a role of TDG in the restoration of methylated G·C
pairs following 5-meCdeamination, a secondDNAglycosylase
with G·T processing ability present in vertebrate cells must be
taken into account. This enzyme, called MBD4/MED1, belongs
to the family of methyl-CpG-binding domain (MBD) proteins
and consists of an N-terminal MBD domain that is linked to
a C-terminal DNA glycosylase domain. Although structurally
unrelated, MBD4/MED1 has enzymatic properties very simi-
lar to those of TDG; it releases T and U from G·T and G·U
mismatches, respectively, and processes a number of other
substrates in common with TDG [54,55]. To what degree any
of these glycosylases contributes to G·T processing in living
cells is uncertain. Disruption of MBD4/MED1 in mouse causes
a small increase in C→Tmutations at CpG sites, which would
be consistent with a defect in the repair of deaminated 5-meC
that cannot be fully compensated for by the presence of TDG
[56]. On the other hand, we found that inactivation of TDG in
mouse embryonic stem cells and fibroblasts reduces G·T pro-
cessing in cell extracts below detection, indicating that TDG
provides the predominant activity against the products of 5-
mCdeamination in these cells (ChristopheKunz,YusukeSaito,
Primo Scha¨r, manuscript in preparation). In the light of this
apparent discrepancy, the only firm conclusion that can be
drawn at this point is that the G·T repair capacity in vertebrate
cells is provided by at least two distinct DNA glycosylases that
may act in a partially redundant manner.
In the light of such powerful defense, however, it seems
surprising that methylated CpGs are mutation hotspots in the
mammalian genome, and that C→T transitions at such sites
are often seen in the DNA of human cancer cells [57]. One
could argue that, given the rather inefficient processing of G·T
substrates by TDG and MBD4/MED1, the number of substrates
generated by deamination may exceed the repair capacity of
the cell. G·T mispairs escaping repair would then give rise
to C→T transition mutations upon DNA replication. Alter-
natively, the postreplicative mismatch repair system (MMR)
might gain access to such G·T mispairs occasionally and, not
being able to discriminatemutant fromwild-type sequence in
the context of non-replicating DNA, erroneously process the
G strand and, hence, fix the mutation.
Another hypothesis worth considering is that the G·T gly-
cosylases do not act globally in the genome but are targeted to
specific sites. Indeed, TDG was reported to interact with tran-
scription factors and to co-regulate gene expression at specific
promoters (see Section 3.2). Similarly, MBD4/MED1was shown
to repress transcription of a reporter gene controlled by hyper-
methylated p16INK4a and hMLH1 promoters [58]. These find-
ings are consistent with G·T repair by TDG and MBD4/MED1
being restricted to specific areas of the genome and associated
with defined physiological processes that involve the activa-
tion or inactivation of genes. Consequently, some areas of the
genome would be more susceptible to mutagenesis through
5-meC deamination, whereas other would be safeguarded by
TDG and/or MBD4/MED1.
Finally, while all these explanations seem logical from a
mechanistic point of view, there is one more possibility to
be considered, one that challenges the generally accepted
dogma that deamination of 5-meC is the predominant cause
of the decline of CpG dinucleotides in our genomes. There
is growing evidence for methylated CpGs not only being
hyper-susceptible to deamination but also to various forms
of endogenous and environmental genotoxic stress that can
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give rise to mutagenic lesions that are not substrate for the
G·T glycosylases [59]. Preferential mutagenesis at methylated
CpGs through pathways that do not or not exclusively involve
5-meC deamination could thus resolve the dilema why muta-
tions occur at these sites despite the presence of the G·T repair
enzymes TDG and MBD4/MED1.
3.1.2. Repair of mismatched uracil
Cytosines suffer hydrolytic deamination at a three- to four-
fold lower rate but, on a genomic scale, still more frequently
than 5-meC. In double-stranded DNA, this generates a U mis-
paired with a G. Unless repaired, the U will pair with A during
DNA synthesis and, thus, give rise to a C→T transitions. Alter-
natively, U can also arise in DNA through dUMP incorporation
during replication, in which case it is base paired with A and,
hence, non-mutagenic. The biochemical evidence would pre-
dict TDG to act efficiently on G·U mispairs but hardly on an
A·U base pair (Table 1). Considering TDG function in the cellu-
lar context, however, we are again confronted with a complex
situation of redundancy. In a mammalian cell nucleus, TDG
finds itself in good company with at least three additional
UDGs; i.e. the very potent uracil-DNA glycosylase (UNG2), the
MBD4/MED1 protein, and the “single-strand selective mono-
functional uracil-DNA glycosylase (SMUG1)”. Certainly, these
enzymes have not evolved side by side just to back-up each
other in U excision; there must be specific functional niches
for all of them, which remain to be identified. Experimental
evidence showing UNG2 interacting with replication proteins
and localizing to replication foci suggests that this UDG is spe-
cialized for the rapid removal of dUMPs that happen to be
misincorporated during DNA replication [60]. This is consis-
tent with the phenotype of UNG deficient cells. Despite the
presence of TDG, MBD4/MED1 and SMUG1, these accumulate
significant amounts of dUMP in their DNA [61]. This, in keep-
ing with the poor activity on the A·U substrate, would argue
against a significant contribution of TDG to the elimination
of U that gets misincorporated opposite A. A direct replica-
tion associated function of TDG is further excluded by the fact
that the protein is actively degraded by the proteasome path-
way at the G1/S boundary of the cell cycle and then remains
undetectable during the entire S-phase (Ulrike Hardeland et
al., manuscript submitted). Unlike mammalian TDG, how-
ever, Thp1 of S. pombe releases U from A·U base pairs [8] and
is not cell cycle regulated. Consistently, a fission yeast ung1
mutant does not accumulate significant amounts of dUMP
in its genome, unless Thp1 is genetically inactivated as well
(Marc Bentele et al., manuscript submitted). Thus, in fission
yeast, unlike in mammalian cells, the replicative uracil-DNA
glycosylase Ung1 acts synergistically with the TDG ortholog to
eliminateU that getsmisincorporated duringDNA replication.
Considering the repair of mutagenic uracil that arises from
cytosine deamination, the fact that inactivation of UNG in
mouse did not significantly alter the mutation frequency in
the Big Blue assay argues for G·U correction being achieved by
redundant activities. UNG2 and SMUG1 are good candidates
as the C→T transition frequency at the hprt locus of Ung
deficient mouse cells increases synergistically when Smug1
is silenced by siRNA [62]. However, TDG is likely to act on
deaminated cytosine as well since it is highly active on a G·U
substrate and is expressed in most mammalian cell types. A
role of TDG in G·U processing is also evident from genetic data
obtained from the S. pombemodel, where the concurrent inac-
tivation of thp1 and ung1 increases the C→T transition rate
synergistically (Marc Bentele at al., manuscript submitted).
Surely, with four enzymes competing for uracil excision in
mammalian cells, the situation is more complex and implies
some form of functional separation. Separation could be tem-
poral and/or spatial, as indicated by the cell cycle regulation
of TDG and/or the interaction of TDG and MBD4/MED1 with
transcription factors. Hence, whereas UNG and SMUG1 may
have more global genome repair activity, the G·U processing
of TDG (and MBD4) may be confined to certain areas of the
genome and/or to specific physiological states of the cells.
One example of localized generation of G·Umispairs is the
AID (activation-induced cytidine deaminase) catalyzed cyto-
sine deamination that occurs when B-cells of the immune
system induce somatic hypermutation (SHM) and class switch
recombination (CSR) in immunoglobulin genes [63]. Mice with
a defect in Ung have a reduced frequency of AID-induced
transversionmutations, implicating a defect in the removal of
U, as well as low IgG serum levels, implicating inefficient CSR
[64]. Therefore, Ung2 was proposed to act on AID generated
G·U mispairs in the process of SHM and CSR [63]. Accord-
ing to this model, AP-sites generated by Ung2 either give rise
to point-mutations (SHM) when translesion polymerases syn-
thesize across, or induce recombination when converted to
single-strand breaks by the action of an AP-endonuclease.
However, neither transversion mutagenesis nor CSR is fully
defective in an Ung deficient background, indicating a contri-
bution of other UDGs. In principle, these could be attributed to
Smug1, Tdg and/or Mbd4. Smug1 overexpression was indeed
found to partially complement the SHM and CSR defect of
msh2−/−ung2−/− cells, but an involvement of this protein in
antibody diversification is questionable as it is downregulated
following B-cell activation [65]. By contrast, TDG is relatively
abundant in B-cells and appears to be upregulated upon B-cell
activation in vitro (Christophe Kunz and Primo Scha¨r, unpub-
lished results). It may therefore take part in SHM and CSR.
From amechanistic point of view, onemight argue that TDG is
the enzymeoptimally suited to induce transversionmutations
following AID catalyzed cytosine deamination. Unlike Ung2,
which is a high turnover enzyme designed for rapid and com-
plete repair of U, TDG is slow because it remains bound to the
AP-site until it is actively induced to dissociate (see Sections
2.3 and 2.4). This possibility of delaying the processing of the
AP-site seemsdesirable in a conditionwhere a non-instructive
lesion is generated for the purpose of “instructing” amutation.
So, despite the undisputable effect of an Ung defect on SMH
and CSR, TDG must be considered a candidate glycosylase for
the generation of AID-induced mutation and recombination.
3.1.3. Repair of other forms of base damage
TDG has a broad range of substrates that includes oxidation,
alkylation and deamination products of C, 5-meC, T and A
(see Section 2.3.1 [8,32]), implicating a rather general func-
tion in the repair of DNA base damage. Corroborating genetic
evidence, however, is still missing with one notable excep-
tion, the repair of 3,N4-ethenocytosine (!C) in E. coli. DNA
ethenoadducts including !C arise by reaction of DNA with
metabolic products of carcinogens such as vinyl chloride or
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through membrane lipid peroxidation [66,67]. Levels up to 28
adducts per 107 bases have been detected in the DNA of var-
ious mammalian tissues [68,69]. !C has a mutagenic poten-
tial and produces most frequently !C→A transversions and
!C→T transitions, and it was shown to be a reasonably good
substrate forMUGproteins, including TDG [8,70]. In E. coli, Mug
appears to be the only enzyme capable of excising !C from the
DNA. Consistently, Mug deficient strains display hypersensi-
tivity to !C [71], a phenotype that can be complemented by
human TDG [72]. In mammalian cells, SMUG1 and MBD4 also
process !C [73,74], but compared to TDG, their activity seems
relatively weak. Hence, TDG might constitute the main repair
activity protecting cells from !C-induced mutagenesis.
3.2. Regulation of gene expression
Already in 1992, Chevray and Nathans published a physical
interaction of mouse TDG with the transcription factor c-
Jun [14]. This was the first of a number of reports by several
laboratories of physical and functional interactions of TDG
with various transcription factors that, altogether argued for
a role of the glycosylase in the regulation of gene expres-
sion. Pierre Chambon’ s laboratory found TDG to interact with
the nuclear receptors RAR (retinoic acid receptor) and RXR
(retinoid X receptor) [15]. RAR and RXR form dimeric com-
plexes that bind retinoic acid response elements (RAREs) to
regulate gene activity in a ligand-dependent manner [75].
TDG interacts with RAR and RXR through its central catalytic
domain (residues 122–346) in a ligand-independent manner
(Fig. 2). This enhances the binding of the receptor complexes
to RARE containing DNA substrate in vitro and potentiates
transactivation of reporter genes in co-transfection experi-
ments [15]. An active site mutant of TDG (N140A), however,
failed to stimulate RAR/RXR-mediated transcription signifi-
cantly above background, suggesting an involvement of the
glycosylase function (Ulrike Hardeland, Primo Scha¨r, unpub-
lished data).
Estrogen receptor " (ER"), mediating estrogen responses,
is another member of the nuclear receptor family that was
shown to associate physically and functionally with TDG
[19]. The interaction is established through the ligand-binding
domain of the receptor (LBD/AF2) and involves residues
116–146 of human TDG (Fig. 2). This sequence contains a
putative "-helical motif related to the LXXLL signature that
is known to mediate interactions with nuclear receptors.
Chromatin immunoprecipitation (ChIP) confirmed that TDG
is indeed recruited to estrogen-responsive promoters in MCF7
cells exposed to estradiol (E2), presumably through its inter-
action with ER". Notably, in this case, the glycosylase func-
tion of TDG is dispensable for transcriptional co-activation;
in transient co-transfection experiments the catalytic mutant
(N140A) co-activated an ER" responsive reporter gene as effi-
ciently as the wild-type protein. This stands in contrast to
RAR/RXR-dependent transcription, where TDG seems to have
an active role. One possible explanation for this apparent dis-
crepancy is that TDG has both, DNA glycosylase and scaffold
functions in gene regulatory protein complexes, whichmay be
differentially required in different biological contexts, e.g. at
methylated versus non-methylated gene promoters (see Sec-
tion 3.3).
Moreover, TDG was found to associate with SRC1, a p160
co-activator of ER" [20]. Here, the interaction involves regions
containing tyrosine-repeat motifs located between residues
334–346 of human TDG and residues 989–1240 of human SRC1
(Fig. 2). ChIP experiments indicated that TDG and SRC1 are
both recruited to estrogen-responsive gene promoters in E2
stimulated cells, presumably by ER". The TDG-SRC1 com-
plex appears to activate ER"-mediated gene expression in the
absence of estrogen, suggesting cooperative functional inter-
actions between the two co-activators.
Tini et al. demonstrated an interaction of TDG with yet
another type of transcriptional co-activator, the CREB binding
protein (CPB) and its paralog p300 [17]. Both play an impor-
tant role in RNA polymerase II-mediated gene transcription,
have histone acetyltansferase (HAT) activity and interact with
various other transcription factors. Through acetylation of
histone tails, CBP/p300 is thought to induce changes in chro-
matin structure that make promoter regions accessible for
transcription factor binding [76]. Interactions with TDG occur
through the HAT and CH3 domains of CBP/p300 and involve
both, its N- and the C-terminal domains (Fig. 2). The resulting
CBP–TDG complex binds DNA, processes G·T and G·U mis-
matches, is competent for histone acetylation in vitro, and
enhances CBP-activated transcription of a reporter gene in
transient co-transfection experiments. All this implicates a
functional interaction. As in the case of the TDG–ER" complex,
however, the glycosylase activity is dispensable for the stim-
ulation of CBP-activated transcription. The interaction with
CBP/p300 also leads to the acetylation of lysine residues in the
hydrophobic N-terminal region of TDG. The function of this
modification is not entirely clear; it does not seem to affect
the enzymatic activity of the glycosylase (Ulrike Hardeland,
Primo Scha¨r, unpublished data) but reduces the stability of
a ternary TDG–CBP–DNA complex and prevents a DNA medi-
ated interactionwithAPE1. Itwas therefore proposed that TDG
acetylation may have a regulatory role in the context of chro-
matin remodeling, gene regulation and DNA repair.
In one case, TDG was reported to act as a repressor of tran-
scription. This is when it interacts with the thyroid transcrip-
tion factor 1 (TTF1), amember ofNkx2 family of homeodomain
proteins that is essential for the embryonal differentiation of
the thyroid, lung and brain, as well as for thyroid and lung-
specific gene expression in adult tissue [16]. Rat TDG was
found to repress TTF1-activated transcription in thyroid and
non-thyroid cells in transient co-transfection experiments.
Whether or not this repressor function requires the glycosy-
lase activity has not been resolved.
In addition to the interactions described above, TDG was
seen to associate with several other transcription factors of
the nuclear receptor family, including androgen receptor (AR),
glucocorticoid receptor (GR), progesterone receptor (PR), per-
oxisome proliferators-activated receptor " (PPAR"), thyroid
hormone receptor a (TRa) and Vitamin D3 receptor (VDR) [19].
Although the biological significance of these interactions is
unclear, these findings suggest that a cooperation of TDGwith
transcriptional activators is the rule rather than the exception.
Given all these interactions with transcription factors, the
question arises whether and how the DNA glycosylase activ-
ity of TDG can be reconciled with a role in gene regulation
in a plausible functional concept. This is possible if we con-
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sider that, in vertebrate genomes, cytosine methylation in
CpG dinucleotides is an important feature of gene regulation
that can be corrupted by base deamination. TDG might be
responsible for initiating correction of G·T mismatches that
arise at methylated CpGs or, equally, of G·U mismatches at
non-methylated CpGs. Thus, the specific recruitment to gene
regulatory elements through the interaction with transcrip-
tion factors would allow TDG to interrogate the integrity of
such sequences, including the CpG islands found in promoters
of many vertebrate genes. Transcription factors, on the other
hand, could play a role in region-specific DNA repair by ‘sens-
ing’ DNA damage in actively expressed areas of the genome
through their ability to recruit DNA repair enzymes like TDG.
Methylation of CpG dinucleotides at gene promoters is
often associated with gene silencing and is a key epigenetic
regulator of gene expression. It may be that, in some circum-
stances, the reversal of such methylation is necessary for the
re-activation of genes. The mechanism of such demethyla-
tion is unclear, but it has been suggested that the process
could involve BER, starting with the excision of 5-meC by a 5-
methylcytosine DNA glycosylase (5-MCDG) that may turn out
to be TDG (see Section 3.3).
3.3. TDG and CpG (de)methylation
The possible association of TDG with the regulation of DNA
cytosine methylation has raised a vivid (scientific) debate.
Because this is an important issue, this chapter is dedicated to
a critical assessment of the relevant experimental evidence.
DNAmethylation in vertebrates occurs at the 5′ position of
Cs immediately followed by G, affecting about 60–90% of all
CpG dinucleotides depending on the species and/or the tissue
examined. Being an epigenetic modification, cytosine methy-
lation is essential for genomic imprinting and X-chromosome
inactivation, but also affects gene expression and genomic
stability. CpGmethylation in vertebrate genomes is largely laid
down during embryogenesis. There, dynamic changes in DNA
methylation and histone modifications contribute critically
to the establishment of cell-type- and tissue-specific gene
expressionpatterns,whichare aprerequisite for a coordinated
development of the fetus [77,78]. Hence, a tight control of DNA
methylation and demethylation processes during embryogen-
esis is of vital importance. Aberrant DNAmethylation in adult
tissue has been associated with aging and various human dis-
eases including imprinting disorders and cancer [79].
While the enzymology of cytosine methylation by DNA
methyltransferases is reasonably well established [80], mech-
anisms of active demethylation are largely obscure. Such a
function might be required to enforce fidelity on the methy-
lation process or to reactivate silenced genes. Human MBD2b
was associated with an enzymatic activity that has the power
to remove the methyl-group from 5-meC [81], but the repro-
ducibility of this finding has been questioned since. Jean-
Pierre Jost’ s laboratory, on the other hand, found a quite
different activity in nuclear extracts from developing chicken
embryos and from differentiating mouse G8 myoblasts. This
activity promoted “demethylation” of 5-meC in a hemimethy-
lated DNA substrate by a process implicating excision repair
[82,83]. The purification of this activity from extracts of
chicken embryos led to the isolation of a 5-meC DNA glycosy-
lase (5-MCDG) [84], which also processed T in G·Tmismatches
and eventually turned out to be the chicken ortholog of TDG
[33]. However, when produced as a recombinant protein in
E. coli, the 5-MCDG/TDG processed 5-meC with an extremely
poor efficiency [33], suggesting that the glycosylase on its own
cannot constitute a physiologically relevant demethylation
activity.
Other studies by the same group showed that the 5-meC
and G·Tmismatch specific DNA glycosylase activities isolated
from chicken embryos were sensitive to RNAse digestion, sug-
gesting an involvement of an RNA component [85,86]. Indeed,
heterogeneous and CpG rich RNA could be recovered from
purified chicken 5-MCDG. Strikingly, whenmade complemen-
tary to the methylated strand of a hemimethylated DNA sub-
strate, synthetic RNAs were able to restore 5-meC DNA glyco-
sylase activity to a previously RNAse treated preparation [86].
It therefore appears that the RNA is an integral part of the
glycosylase that may facilitate the targeting of the enzyme
to sites where demethylation is needed. Still, some discrep-
ancies in the published experimental evidence remain to be
resolved before a firm conclusion about the function of this
RNA in 5-meC demethylation can be drawn. Besides the RNA,
the purified native 5-meC DNA glycosylase activity also con-
tained a DEAD box protein related to themammalian p68 RNA
helicase [87]. Exactly how this RNA helicase contributes to
demethylation is unclear. Yet, according to a model [87], the
p68 RNA helicase might be responsible for the rearrangement
of the secondary structure of the CpG-rich RNA components
tomake them suitable for targeting theDNA glycosylase to the
site that is to be kept free of methylation.
To assess the relevance of 5-MCDG/TDG for active
demethylation in living cells, the Jost group expressed human
TDG in human embryonic kidney cells and examined the
inducibility of a stably integrated reporter gene controlled
by an ecdysone-retinoic acid responsive enhancer-promoter
element. Overexpression of 5-MCDG/TDG resulted in the spe-
cific demethylation of CpG sites downstream of the hor-
mone response elements in the promoter–enhancer region
[34]. Since no genome-wide demethylation was observed, this
would fit with the idea that transcription factors target the
glycosylase to sites that need be demethylated or protected
from de novomethylation. Another study, however, addressing
5-meCpG demethylation during mouse myoblast differenti-
ation led the same authors to conclude that 5-MCDG/TDG
contributes to global demethylation [88].
The work by the Jost laboratory showed that an excision
repair process is associated with the removal of 5-meC from
DNA. A concept whereby a DNA glycosylase initiates this
process seems plausible, and the enzyme in question could
indeed be 5-MCDG/TDG. Yet, can DNA excision repair indeed
be regarded an appropriate strategy for global demethylation
as it is seen during embryonic development? The answer is:
“We don’t know”. Certain is, tough, that if global demethy-
lation occurred by BER, a high degree of coordination would
have to be involved to assure that mutation, rearrangement
and fragmentation of the genome through excessive repair
is avoided. By its ability to bind and protect AP-sites until
it gets SUMOylated, TDG would provide for such coordina-
tion at a critical step of the excision repair process. However,
considering its poor affinity for 5-meC·G base pairs, its cat-
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alytic inefficiency on this substrate and its slow turnover,
TDG mediated BER seems a highly unproductive and, thus,
risky way of global demethylation, and is therefore unlikely
a realistic scenario. More likely is that TDG contributes to
site-specific stability of CpG methylation. Targeted by auxil-
iary proteins, i.e. transcription factors, to such sites, it might
demethylate 5-meCpGs in gene promoters upon gene activa-
tion and/or protect unmethylated CpGs in promoters of active
genes from accidental de novo methylation. This would be
consistentwith the co-purification of 5-meC glycosylase activ-
ity in 5-MCDG/TDG containing fractions of nuclear extract of
developing embryos [33,89]. Whether or not 5-MCDG/TDG is a
genuine 5-meC DNA glycosylase is still uncertain. The activity
measured in partially purified preparations of 5-MCDG/TDG
may result form the concerted action of the glycosylase with
auxiliary factors [86,87]. The possible functions of such factors
are equally unclear. They may help targeting the glycosylase
to the methylated cytosine; they may facilitate the disruption
of the hydrogen bonds of the 5-meC·G base pair so that the
methylated C can be accommodated in the active site pocket
of the glycosylase; or they may promote enzymatic deamina-
tion of 5-meC to T [90], which would then be a better substrate
for TDG. All this would be consistent with purified recombi-
nant 5-MCDG/TDG being very inefficient, if not impotent, in
processing of 5-meC [8,33]. Thus, given the right conditions
and physiological environment, TDGmay act as a 5-MCDGand
contribute to demethylation of 5-meC at specific sites in the
genome, but this remains to be confirmed.
3.4. TDG in embryonic development
TDG cooperates with transcription factors that are essential
for developmental processes (e.g. [91–93]). Embryonic devel-
opment, on the other hand, is known to be associated with
dynamic changes in CpG methylation [78], which, at least in
certain areas of the genome, correlates with gene activation
or inactivation [94]. Does this implicate TDG in developmental
gene regulation? Tdg is readily detectable and highly active in
mouse embryonic stem (ES) cells, and the levels even increase
when these cells are induced to differentiate in vitro (Yusuke
Saito, Primo Scha¨r, in preparation). In themouse embryo itself,
Tdg-specific mRNA is seen to distribute ubiquitously and uni-
formly across the fetus fromdays 7.5 to 13.5 post-coitum. Later
(at day 14.5), the mRNA is enriched in certain tissues includ-
ing the developing nervous system, thymus, lung, liver, kidney
and the intestine [95]. Whatever the role of TDG in embryo-
genesis may be, it is essential for proper development of the
fetus, as homozygous Tdg null-embryos lose viability at mid-
gestation (Primo Scha¨r et al.; Tetsuya Ono et al., manuscripts
in preparation). Given that Ogg1, Nth1, Mpg, Ung, and Mbd4
are all dispensable for embryogenesis [56,61,96–98], this is a
rather unusual phenotype for a DNA glycosylase defect. It
must therefore be concluded that TDG has a non-redundant
essential developmental function that may relate mechanis-
tically to BER but is distinct from the simple elimination of
damaged DNA bases.
It is tempting to speculate that the TDG defect affects gene
expression controlled by its interaction partners RAR/RXR,
CBP/p300, c-Jun, and others that have an essential role in
embryonic development. The resulting imbalance in gene
expression may then disrupt the developmental program and
cause the embryo to die. This function in co-regulation of
gene transcription may relate to Tdg’s ability to process 5-
meC [33], as an imbalance in CpGmethyltransferase activities
in embryos [99] also causes dysregulation of gene expression
and lethality [100–102]. Itmay be that Tdg, in conjunctionwith
specific targeting factors, contributes to the establishment
and/or the maintenance of proper CpG methylation patterns
in certain regions of the genome and thereby assures accu-
rate control of gene expression. At this point, however, this is
little more than an interesting hypothesis that is worth being
tested.
3.5. TDG and cancer
3.5.1. TDG and carcinogenesis
All considered, TDG could contribute to tumor suppression in
a number of differentways. Itmay helpmaintain genomic sta-
bility through the repair of mutagenic DNA base damage (e.g.
deaminated C or 5-meC); it may provide epigenetic stability
through the excision of erroneously methylated Cs in gene
regulatory sequences; and/or it may assure proper cell differ-
entiation and, thus, control the number of stem cells and/or
tumor progenitor cells in certain tissues by its ability to coop-
erate with nuclear receptors and other transcription factors
that integrate differentiation signals.
CpG dinucleotides, most of which are methylated in ver-
tebrate genomes, are indeed hotspots for mutations, and cor-
relations between CpG mutagenesis and cancer development
have long been established. Approximately 25% of all cancer
associated mutations in the p53 tumor suppressor gene are
C→T transitions located at CpG sites; in colon and gastric can-
cer, this proportion rises to about 50% [57]. Although human
TDG is expressed in most, if not all, tumor relevant tissues, its
contribution to the avoidance of such mutations is specula-
tive. The gene wasmapped to a chromosomal region (12q24.1)
that is frequently affected by loss of heterozygosity in gas-
tric cancers, but inactivating mutations in TDG have not yet
been identified in such tissue [103,104]. However, the number
of tumors or cancer cell lines screened so far are too small
to allow firm conclusions regarding the role of TDG defects in
carcinogenesis.
Considering its role in controlling gene expression, one
might also expect dominant, i.e. oncogenic, effects of TDG
defects. In this regards, it is interesting that Tdg expression
levels were found increased in mammary gland tumors that
developed in HA-ras or c-myc transgenic mice, or in osteosar-
comas that arose in p53 heterozygous mice [95].
Be it as a tumor suppressor or as an oncogene, an involve-
ment of TDG in carcinogenesis remains to be established.
3.5.2. TDG and cancer therapy
5-FU is anantimetabolite used in chemotherapyagainst awide
range of human cancers. Within cells 5-FU is converted to
threemain activemetabolites; fluorodeoxyuridinemonophos-
phate (FdUMP), fluorodeoxyuridine triphosphate (FdUTP), and
fluorouridine triphosphate (FUTP). These interfere with DNA
and RNA metabolism. FdUMP inhibits thymidylate synthase
(TS), a consequence of which is that dUTP levels increase at
the expense of dTTP. This imbalance in the nucleotide pool
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gives rises to increased misincorporation of dUMP into the
DNA (U·A base pairs). This, together with the direct incorpo-
ration of FdUTP (5-FU·A base pairs), is thought to account for
theDNAdirected cytotoxicity of 5-FU, although the underlying
mechanism has remained obscure [105]. 5-FU is an excellent
substrate for the MUGs, irrespective of whether it is paired
with G or A (Table 1) [8]. These, however, do not seem to pro-
vide 5-FU resistance to cells as one might expect, they rather
kill; a fission yeast thp1− mutant is significantly hyperresistant
to 5-FU treatment (Marc Bentele et al., manuscript submit-
ted). Similarly, inactivation of TDG inmouse embryonic fibrob-
lasts causes hyperresistance to moderate doses of 5-FU. This
hyperresistance correlates with a decrease in 5-FU-induced
DNA single- and double-strand breaks and the loss of activa-
tion of an intra S-phase DNA damage checkpoint (Christophe
Kunz, Primo Scha¨r, manuscript in preparation). Thus, TDG
contributes significantly to the DNA directed cytotoxicity of
5-FU and, considering that A·U is a very poor substrate for
TDG, this is best explained by its ability to excise 5-FU opposite
A. This would generate AP-site intermediates, which, through
further processing, would give rise to the DNA strand-breaks
that become visible upon 5-FU treatment of cells. Although
this is a straightforward explanation for the TDG mediated
cytotoxicity of 5-FU, other scenarios, such as an effect of its
transcription associate function cannot be excluded. What-
ever the mechanism, these findings suggest a non-redundant
function of TDG inmediating cytotoxicity towards 5-FU. It will
therefore be important to examine if the activity of TDG in
human tumors correlates with their response to 5-FU-based
chemotherapy.
The G·T processing function of TDG may also bear
chemotherapeutic relevance. T is a substrate for human TDG
also when it is mispaired with an O6-methylated guanine
(O6-meG·T) [106,107]. O6-meG is a prominent mutagenic and
cytotoxic DNA lesion that arises either spontaneously orwhen
cells are exposed to Sn1-type methylating agents, such as N-
methyl-N′-nitro-N-nitrosoguanidine (MNNG) that are widely
used in cancer chemotherapy.DuringDNA replicationO6-meG
pairs with C or T, thus giving rise to O6-meG·T (mis)matches.
If generated in excess, the processing of such mispairs by
the postreplicativemismatch repair system (MMR)was shown
to generate DNA strand-breaks, chromosomal instability and
eventually trigger cell death [108]. Given the ability of TDG
to act on the same substrate, it has the potential to com-
pete with MMR and, thus, to affect the cytotoxicity of O6-
menthylguanine-inducing drugs; an interesting hypothesis
that merits investigation.
4. Concluding remarks
This has become a rather extended review, mainly because
of the uncertainty about the biological function of TDG
(Fig. 3). There are currently quite a few possibilities suggested
by experimental evidence that merit careful consideration.
Judged from its structure and biochemical properties, TDG is
a DNA glycosylase involved in the repair of damaged DNA
bases; judged from its interactions with other proteins, it is
a co-regulator of gene expression; and judged from the phe-
notypes of fission yeast and mouse mutants, it may indeed be
Fig. 3 – Biological processes with a possible involvement of
TDG. The diagram illustrates implicated biological
functions of TDG along with the relevant experimental
observations. Biochemical properties suggest a role of TDG
in the repair of DNA base damage (substrate are listed in
descending order of cleavage efficiency). Interactions with
transcription factors and the lethality of Tdg deficient
mouse embryos suggest a function of TDG in gene
regulation, cell differentiation and development. The
putative 5-meC glycosylase activity of TDG may indicate
that the gene regulatory function involves changes in DNA
methylation and, thus, chromatin structure. TDG might
also contribute to somatic hypermutation (SHM) and/or
class switch recombination (CSR); it processes G·U with
high efficiency and protects the AP-site until it is actively
induced to dissociate by SUMOylation. <=>, interaction; *,
A:U is substrate only for S. pombe Thp1p.
doing both, repairing DNA base damage and regulating gene
expression. Any one of these activities appears to be required
for normal mouse embryonic development, setting TDG func-
tionally apart from all other DNA glycosylases that have been
genetically studied in mouse. Future research will have to
address whether TDG is indeed amultifunctional protein that
repairs DNAbase damage at one place and controls gene activ-
ity at another, or whether the regulation of gene expression
involves an as yet unknown function of TDG mediated BER.
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